Magnetization plateaus and phase diagrams of the extended Ising model on the Shastry-Sutherland lattice with the first (J 1 ), second (J 2 ), third (J 3 ) fourth (J 4 ) and fifth (J 5 ) nearest-neighbour spin couplings are studied by the classical Monte Carlo method. It is shown that switching on J 4 and J 5 interactions (in addition to usually considered J 1 , J 2 and J 3 interactions) changes significantly the picture of magnetization processes found for J 4 = J 5 = 0 and leads to stabilization of new macroscopic magnetic phases (plateaus) with fractional magnetization. In particular, it is found that combined effects of J 4 and J 5 interactions generate the following sequence of plateaus with the fractional magnetization: m/m s =1/9, 1/6, 2/9, 1/3, 4/9, 1/2, 5/9 and 2/3. The results obtained are consistent with experimental measurements of magnetization curves in selected rare-earth tetraborides.
Introduction
A spin system is frustrated when all local interactions between spin pairs cannot be satisfied at the same time. Frustration can arise from competing interactions or/and from a particular geometry of the lattice, as seen in the triangular lattice. The Shastry-Sutherland lattice (SSL) was considered more than 30 years ago by Shastry and Sutherland [1] as an interesting example of a frustrated quantum spin system with an exact ground state. It can be described as a square lattice with antiferromagnetic couplings J 1 between nearest neighbours and additional antiferromagnetic couplings J 2 between next-nearest neighbours in every second square (see Fig. 1a ). The SSL the ab plane carrying a large magnetic moment. Moreover, if the crystal field effects are strong enough, then the compounds can be described in terms of an effective spin-1/2 Shastry-Sutherland model under strong Ising anisotropy [5] . This is, for example, the case of T mB 4 [5, 10] and ErB 4 [10, 11] , where the easy-magnetization axis is normal to Shastry-Sutherland planes. Thus, the study of the Ising limit is the first and natural step toward a complete understanding of magnetization processes in these materials.
The Shastry-Sutherland rare-earth metal tetraborides exhibit similar sequences of fractional magnetization plateaus as observed in the SrCu 2 (BO 3 ) 2 compound. For example, for ErB 4 the magnetization plateau has been found at m/m s = 1/2 [10, 11] , for T bB 4 at m/m s =2/9, 1/3, 4/9, 1/2 and 7/9 [4] , for HoB 4 at m/m s =1/3, 4/9 and 3/5 [10] and for T mB 4 at m/m s =1/11, 1/9, 1/7 and 1/2 [5] . As mentioned above, the first attempts to explain the origin of the fractional magnetization plateaus in the metallic Shastry-Sutherland magnets have been made in terms of the Ising model on the SSL. This model has been solved numerically [12, 13] as well as analytically [14] with a conclusion that only the m/m s = 1/3 plateau is stabilized by J 1 and J 2 interactions. The subsequent analytical studies [15] of the model extended by an additional interaction J 3 along the diagonals of "empty" squares showed that this interaction gives rise to a new magnetization plateau at one-half of the saturation magnetization. This result and similar ones obtained [16, 17] within the spin-1/2 XXZ model with the additional (J 3 ) and (J 4 ) interactions pointed to the fact that the long-range interactions could play the crucial role in the stabilization of different magnetization plateaus with fractional magnetizations. This supposition supports also the recent results of Dublenych [18] and Feng et al. [19] . Feng [12, 13] as well as analytical [14] results. As soon as J 3 is nonzero, the new magnetization plateau at m/m s =1/2 is stabilized against the m/m s =1/3 plateau for both, positive as well as negative values of J 3 . At some critical value of J 3 interaction, the m/m s =1/3 plateau completely disappears what accords with experimental measurements in some rare-earth tetraborides, e.g., ErB 4 [10, 11] . However, it should be noted that the Ising model with J 1 , J 2 and J 3 interactions is not able to explain all aspects of magnetization processes in rare-earth tetraborides and therefore we have extended our model (in accordance with the theoretical works by Suzuki et al. [16, 17] ) by the additional J 4 interaction and examined its influence on the formation of magnetization plateaus. It was found that the J 4 interaction in a combination with the J 3 interaction is able to generate a number of new magnetization plateaus with the fractional magnetization: m/m s =1/10, 1/9, 1/6, 1/5, 2/5, 4/9, 7/15 and 5/9 in accordance with experimental measurements of magnetization curves in selected rare-earth tetraborides. However, these results can not be considered as definite since the J 4 interaction is the fourth nearest-neighbour interaction only for these values of J 1 and J 2 that satisfy the condition J 1 < J 2 (the case of SrCu 2 (BO 3 ) 2 compound), but not for the case J 1 = J 2 that corresponds to the real situation in rare-earth tetraborides. In this case the J 4 interaction is the fifth nearest neighbor interaction and thus for correct description of situation in rare earth tetraborides it is necessary to include the true fourth nearest neighbour interaction as illustrated in Fig. 1b .
Thus our starting Hamiltonian has the form:
where S z i = ±1/2 denotes the z-component of a spin-1/2 degree of freedom on site i of a square lattice and J 1 , J 2 , J 3 , J 4 and J 5 are the exchange couplings between the first, second, third, fourth and fifth nearest-neighbour spins on the SSL as indicated in Fig. 1 , and h is the magnetic field. ing to these phases are displayed in Fig. 3 ). It should be noted that already very small values of J 5 interaction are able to generate these plateaus and that increasing J Thus we can summarize that the extended Ising model on the SSL with the first, second, third, fourth and fifth nearest-neighbour interactions has a big potential to explain anomalous magnetic behaviours of a wide group of rare-earth tetra- 
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